Ricin A-chain (RTA) and saporin-L1 (SAP) catalyze adenosine depurination of 28S rRNA to inhibit protein synthesis and cause cell death. We present the crystal structures of RTA and SAP in complex with transition state analogue inhibitors. These tight-binding inhibitors mimic the sarcin-ricin recognition loop of 28S rRNA and the dissociative ribocation transition state established for RTA catalysis. RTA and SAP share unique purine-binding geometry with quadruple -stacking interactions between adjacent adenine and guanine bases and 2 conserved tyrosines. An arginine at one end of the -stack provides cationic polarization and enhanced leaving group ability to the susceptible adenine. Common features of these ribosome-inactivating proteins include adenine leaving group activation, a remarkable lack of ribocation stabilization, and conserved glutamates as general bases for activation of the H2O nucleophile. Catalytic forces originate primarily from leaving group activation evident in both RTA and SAP in complex with transition state analogues.
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ricin toxin A-chain ͉ saporin-L1 ͉ sarcin-ricin loop ͉ depurination R icin A-chain (RTA) is the catalytic subunit of ricin, a Centers for Disease Control and Prevention category B bioterrorism agent derived from Ricinus communis seeds. RTA catalyzes the depurination of an invariant adenosine residue, A 4234, within the GA 4234 GA tetraloop motif of the highly conserved sarcin-ricin loop of eukaryotic 28S rRNA (1) . Clinical trials have exploited the toxicity of RTA in RTA-antibody constructs to kill leukemia and lymphoma cells (e.g., RTA conjugated to anti-CD22) (2) (3) (4) (5) . Side effects limit the utility of RTA immunotoxins (6, 7) . Targeted inhibitors against ribosome-inactivating proteins (RIPs) could improve immunotoxin cancer therapies by rescuing normal cells following toxin treatment.
Saporin-L1 (SAP), a homologue of RTA from Saponaria officinalis (soapwort) leaves, exhibits N-glycohydrolase activities on 80S ribosomes, poly(A) RNA, and other cellular DNA and RNAs (8) (9) (10) (11) (12) . SAP releases multiple adenines from ribosomes, whereas RTA shows exquisite specificity.
Truncated oligonucleotide constructs of the ribosomal sarcinricin loop are RTA and SAP substrates (13) (14) (15) (16) . In addition to hairpin stem-loop structures, RTA hydrolyzes adenine from cyclic GAGA loops that possess a 5Ј-to 3Ј-covalently closed synthetic linker (17, 18) (Fig. 1) .
Transition state analysis of RTA-mediated depurinations established that hydrolysis of adenine involves a ribocation intermediate, followed by attack of an activated water. Adenine activation is a major driving force for RTA catalysis (19, 20) . Efficient catalysis by RTA requires the invariant Glu-177 and Arg-180 residues (21) (22) (23) (24) (25) . RTA and other RIPs have evolved to become near-perfect catalysts for mammalian ribosomes (21, (26) (27) (28) . Here, we use transition state analogues to establish the catalytic site features contributing to this remarkable catalytic activity.
RTA transition state structures have guided the design and synthesis of potent RIP inhibitors (17, 29) . Inhibitors for RTA and SAP include 1Ј-aza-sugars with a nonhydrolyzable 9-deazaadenine to mimic the elevated pK a of the leaving group (15) . Dissociative transition states are characterized by increased ribosyl-adenine distance. A methylene bridge between aza-sugar and adenine groups in transition state analogues serves to mimic the dissociative transition state geometry (Fig. 1) . RTA is active on mammalian ribosomes at physiological pH but is active on small RNAs and inhibited by transition state analogues only at low pH values (17) .
In contrast to RTA, SAP depurinates synthetic oligonucleotides and mammalian ribosomes at physiological pH. Consequently, SAP binds transition state analogue inhibitors in both stem-loop and linear oligonucleotide geometries with low nanomolar affinity and is effective at protecting ribosomes from SAP at physiological pH (15) . Cyclic oxime G(9-DA)GA 2Ј-OMe, linear trinucleotide G(9-DA)Gs3 2Ј-OMe, and dinucleotide s3(9-DA)Gs3 2Ј-OMe inhibitors inhibit SAP with slow-onset dissociation constant (K i *) values of 3.9 to 7.5 nM (15) (Fig. 1 and SI) .
The RIPs crystallize readily, but a sustained problem in the field has been the lack of structures with catalytic significance. Of the almost 100 crystal structures of RIPs listed in the Protein Data Bank, none of the N-ribohydrolases contain an oligonucleotide stem-loop structural analogue or tight-binding inhibitors. The present work provides unique information in the context of transition state analogue inhibitors. 
Results
SAP and RTA Structures. SAP and RTA (30% identity) share conserved tertiary and secondary structural elements. SAP is a monomer assembled into 2 partially segregated domains: an N-terminal, 6-stranded, mixed ␤-sheet with a short intervening ␣-helix (residues 1-119) and a C-terminal ␣-helical cluster that is followed by a 2-stranded antiparallel ␤-sheet (residues 120-257) ( Fig. 2A) . Nonpolar side chains project from the N-terminal ␤ sheet (Leu-56, Val-63, Leu-65, Val-67, Val 72, Val-74, Tyr-77, Phe-91, and Phe-94) and from the C-terminal ␣-helical cluster (Val-151, Phe-164, Leu-165, Val-168, and Val-172), providing hydrophobic character to the interdomain active site cleft. The C-terminal, 2-stranded, ␤-sheet is structurally distinct in SAP and RTA. This region involves substrate access to the catalytic site and is implicated in the substrate specificities for SAP and RTA (30) . The structural comparison between SAP and RTA also indicates a difference in the N-terminal segment formed by the short ␣-helix and 2 preceding ␤-strands (SAP 79-113 and RTA 86-113) (Fig. 2B) .
Transition State Analogues. Cyclic G(9-DA)GA 2Ј-OMe contains the tetranucleotide sequence of the GAGA sarcin-ricin loop but with the ricin-susceptible adenosine replaced by DADMeImmucillin-A (9-DA), a transition state mimic (Fig. 1) . The loop structure is maintained by a covalent oxime linker with geometry similar to stem-loop substrates (17) . This cyclic oligonucleotide contains 5 phosphodiester bridges that are designed to be resistant to phosphodiesterases. 2Ј-O-Methylation prevents phosphodiesterase action and the 2Ј-deoxy of 9-DA provides chemical stability. 9-DA is a ribocation transition state mimic of the N-ribosyl hydrolase reactions catalyzed by RTA and proposed for SAP (15) . Cyclic G(9-DA)GA 2Ј-OMe is an imperfect transition state mimic because it inhibits RTA with a competitive inhibition constant (K i ) of 300 nM at pH 4.0, binding only 320-fold tighter than substrate in the same construct (17) . SAP inhibition by cyclic G(9-DA)GA 2Ј-OMe gives a K i * of 3.9 nM at pH 7.7, binding 40,000-fold tighter than substrate. RTA action on ribosomes is not inhibited by these analogues at neutral pH values (15) . Linear transition state analogues, including the trinucleotide G(9-DA)Gs3 2Ј-OMe (K i ϭ 7.5 nM) and dinucleotide s3(9-DA)Gs3 2Ј-OMe (K i ϭ 6.4 nM), inhibit SAP but not RTA (15) (Fig. S1 ). Both G(9-DA)Gs3 2Ј-OMe and s3(9-DA)Gs3 have 3 phosphodiester groups. These linear nanomolar inhibitors of SAP did not inhibit RTA at concentrations up to 100 M in substrate competition assays, and therefore exhibit Ͼ10 4 -fold specificity for SAP. Of these inhibitors, only cyclic G(9-DA)GA 2Ј-OMe was a significant RTA inhibitor and only at low pH (near 4.0).
Structure of RTA with Cyclic G(9-DA)GA 2-OMe. The final 2mFo-DFc electron density map contoured at the 1-level for the cyclic G(9-DA)GA 2Ј-OMe-RTA complex exhibited well-defined electron density for the 9-DA base, the methylene bridge of 9-DA, the preceding guanosine base, and the 5 phosphate diester groups of the cyclic inhibitor. Weak electron density was observed around the 9-DA N1Ј-aza-sugar analogue, especially around the position equivalent to the 5Ј-ribosyl carbon. Electron density was missing for the third guanine, the fourth adenine, and the oxime linker region, implying disorder of these substructures. The 9-deazaadenyl base of 9-DA caused a surprising reorganization of the catalytic site to form a continuous quadruple -stack with the first guanine of the inhibitor and Tyr-80 and Tyr-123 residues of RTA (Fig. 3A) . Tyr-123 also interacts with Arg-134 through a cation-interaction and shares a hydrogen bond with the catalytic site Glu-177.
In addition to the -stacking interaction, the N1, N6, and N7 groups of 9-DA participate in a hydrogen-bonding network with the Val-81 amide and the Gly-121 carbonyl (Fig. 4B) . The guanidino nitrogen of Arg-180 is 3.0 Å from N3 of 9-DA. The first guanine of cyclic G(9-DA)GA 2Ј-OMe is tethered within a hydrogen-bonding network that includes the amide and/or carboxylate side chains of Asn-78 (2.9 Å), Asp-75 (2.5 Å), Asp-96 (3.3 Å and 3.4 Å), Asp-100 (3.3 Å), and the Asp-96 amide (3.4 Å).
RTA has been proposed to use electropositive surfaceexposed arginine and lysine residues to recognize the backbone phosphates of RNA tetraloop substrates (31) . However, only the Arg-258 guanidino group interacts with the second and fourth phosphodiester groups (Fig. S2 ). Other interactions to the phosphodiesters are backbone-mediated and include (i) the Arg-213 amide and the third phosphodiester and (ii) waterbridged hydrogen bonds between the Asn-201 carbonyl oxygen and the third inhibitor phosphodiester. The first and fifth phosphodiesters of cyclic G(9-DA)GA 2Ј-OMe have no direct interactions with RTA.
Structure of SAP with Cyclic G(9-DA)GA 2-OMe. The final 2mFo-DFc electron density map contoured at the 1-level for the complex of SAP with cyclic G(9-DA)GA 2Ј-OMe exhibited well-defined electron density for the 9-DA base, the third guanosine moiety, and 4 (1-4) of the 5 phosphodiester links. Diffuse electron density was observed for the first guanine, the fourth adenosine, and the oxime linker. Two SAP molecules in the crystallographic asymmetrical unit are packed so that the first guanines of 2 SAP-inhibitor complexes have potential for overlap. We optimized the placement of the first guanine with respect to the coordinates of the first and second phosphates and its proximity to the adjacent 9-DA inhibitor group to avoid structural overlap. Contacts between SAP and the cyclic G(9-DA)GA 2Ј-OMe inhibitor were similar to those between SAP and the dinucleotide inhibitor s3(9-DA)Gs3 2Ј-OMe, and this comparison proved useful in assigning the geometry of the cyclic complex (Figs. S3-S6 ).
Cyclic G(9-DA)GA 2Ј-OMe bound to SAP revealed a quadruple -stack at the catalytic site containing the 9-deazaadenyl of 9-DA, the third guanosine base from the inhibitor and residues Tyr-73 and Tyr-123 (Fig. 3B) . This is remarkably similar to the -stacking observed for inhibitor-bound RTA; however, in SAP, the equivalent tyrosine residues (Tyr-80 and Tyr-123 in RTA) interact with the third guanosine and 9-DA of cyclic G(9-DA)GA 2Ј-OMe. Thus, the 5Ј-to 3Ј-orientation of the SAP-bound inhibitor is reversed with respect to its placement in the RTA active site. Another noteworthy difference between RTA and SAP catalytic sites is the side chain of Tyr-73. In SAP, Tyr-73 is situated between 2 purine rings, and is displaced by 47°in relation to Tyr-80 in inhibitor-bound RTA. This geometry allows hydrogen bond formation with a water molecule that bridges Tyr-73, the second phosphodiester, and the third guanosine of the inhibitor (Figs. 3 and 4) .
Similar to the RTA cyclic G(9-DA)GA 2Ј-OMe complex, the -stacked purines of the SAP-bound cyclic inhibitor participate in an extensive hydrogen-bonding network with surrounding residues (Fig. 4B) . N1, N6, and N7 of the 9-deazaadenyl base (9-DA) share hydrogen bonds with the Glu-121 backbone carbonyl and the Val-74 amide. The guanidino nitrogen of Arg-177 (equivalent to Arg-180 in RTA) is 3.1 Å from N3 of 9-DA. The third guanosine base forms 2 hydrogen bonds with the Glu-121 side chain and interacts, via a bridging water molecule, with the side chains of Gln-68 and Asn-71. The second phosphodiester of cyclic G(9-DA)GA 2Ј-OMe shares hydrogen bonds with the Tyr-123 backbone amide, the Tyr-233 phenyl hydroxyl group, and the Asn-207 amide side chain (Fig. S3) . The third and fourth phosphodiesters form hydrogen bonds with the Trp-209 amide and the Arg-214 guanidino group, respectively. The first and fifth phosphodiesters of cyclic G(9-DA)GA 2Ј-OMe do not interact with catalytic site groups of SAP.
Catalytic Water. Structures of inhibitor-bound RTA and SAP contain water molecules at distances of 3.5 Å and 3.1 Å, respectively, from the N1Ј-position of the 9-DA 1Ј-aza-sugar. This water is appropriately positioned for nucleophilic attack at the C1Ј-position of adenosine and is within hydrogen-bonding distance of the conserved carboxylate groups of RTA (Glu-177) and SAP (Glu-174), candidates for the role of general base in the catalytic mechanism (Fig. 3 A and B) . The active site glutamates of RTA and SAP (Glu-177 and Glu-174) are 4.1 Å and 3.3 Å, respectively, from N1Ј (pK a Ϸ8) of 9-DA, forming weak ion pairs. These glutamates are in a better position to accept a proton from water than to stabilize the developing ribocation known to form at the transition state of RTA (20) .
Discussion
Leaving Group Interactions. In the acid-catalyzed solvolysis of adenosine, protonation of adenine N7 and N1 forms an adenine dication causing loss of the N-ribosidic bond (20) . Formation of an adenine cation facilitates extraction of bonding electrons from the ribosyl group to the adenine leaving group. At the transition state, N-ribosidic bond separation occurs by cationic character in both the adenine leaving group and the ribocation. Anionic adenine would not readily separate from the ribocation without water participation. Following transition state passage, the ribocation is neutralized by migration of the ribocation anomeric carbon to the nucleophilic water. In the complexes shown here, adenine leaving group activation is readily identified. RTA and SAP contacts both favor formation of adenyl cations. Stabilization of N7-protonated adenines occurs via backbone carbonyl oxygens (Gly-121 in RTA and Glu-121 in SAP) with N7 proton donation presumably from solvent. Faceto-face aromatic -stacking of active site tyrosines (Tyr-123 and Tyr-80 in RTA, Tyr-123 and Tyr-73 in SAP) with the adenine base also elevates the pK a of the adenine, and thereby facilitates leaving group activation (32) . At one end of the -tetra-stack in both enzymes is a guanidine cation (Arg-134 in both RTA and SAP), adding more cation character through these groups. Polarization of N1 of the scissile adenines toward the transition state is provided by proton sharing with backbone amides (Val-81 in RTA, Val-74 in SAP). In conjugated ring systems, cationic polarization at any site facilitates electron pull from the cationic adenine toward the ribosyl group. At N3 of the adenine in both RIPs, a guanidine cation is in position to protonate N3 (Arg-180 in RTA, Arg-177 in SAP). These contacts to adenine support an adenine cation on the path to transition state formation. Mutagenesis studies of RTA have suggested that protonation of adenine N3 by invariant Arg-180 is critical for leaving group activation (22) (23) (24) (25) .
Structural studies of RTA with the dinucleotide ApG (PDB ID code: 1ApG) also suggested leaving group activation by -stacking interactions between the adenine ring, Tyr-80, and Tyr-123; hydrogen-bonding interactions between N7 and Gly-121; transition state stabilization by N3 protonation with Arg-180; and amide backbone interactions between N6 and N1 with Val-81 (22, 23) . The interactions around the 9-deazaadenyl base of cyclic G(9-DA)GA 2Ј-OMe in complexes with RTA and SAP are similar but also include the extended -stacking interactions.
The Water Nucleophile. The catalytic water is not apparent in earlier reports of the crystal structure of RTA, and Glu-177 or Arg-180 was considered to be a candidate base for activation (32, 33) . In the RTA-and SAP-cyclic G(9-DA)GA 2Ј-OMe inhibitor complexes, the 9-deazaadenyl bases share a common binding orientation, the 1-aza-sugar groups are aligned in the same plane, and a water molecule occupies a position near N1Ј appropriate for nucleophilic attack (Fig. 3C) . The Arg-180 guanidino group of RTA and Arg-177 of SAP are positioned to polarize or protonate adenine N3 but are not in appropriate positions to interact with the nucleophilic water. Glu-177 (RTA) and Glu-174 (SAP) carboxylates, situated 2.8 Å (2.5 Å in SAP) from the water molecule, apparently act as general bases (Fig. S7) .
Inhibitor Binding to SAP. Cyclic oligonucleotides serve as efficient substrates for RTA and SAP because they mimic the folded GAGA loop of larger stem-loop substrates (15, 17) . SAP structures with inhibitors show a quadruple -stacking interaction between 9-DA, the third guanine, and 2 RIP active site tyrosines. Superposition of the SAP -stacked guanosine of cyclic G(9-DA)GA 2Ј-OMe with the third guanosine of the GAGA tetraloop structure obtained for a 27-nucleotide mimic of the sarcin-ricin loop (PDB ID code: 1Q9A) produced a similar geometry for the 5Ј-and 3Ј-phosphate diesters of 9-DA with a small deviation in the position of the 3Ј-phosphate of the third guanosine (Fig. 5) (34) . Crystallographic and NMR structures for free GAGA tetraloops report sheared guanineadenine base pairs between the first guanine and fourth adenine and a triple purine stack among the last 3 nucleotides (34) (35) (36) (37) . This spatial arrangement of the GAGA tetraloop permits intercalation of SAP Tyr-73 between adenine and guanine bases. Likewise, the 9-deazaadenyl base at the edge of the triple purine stack in bound inhibitor enables Tyr-123 of SAP to insert on the outside of the equivalent tetraloop substrate without disrupting the tetraloop internal purine stack. In addition, SAP interacts with a face of the third guanine. Thus, the -stacking interaction between the third guanine and fourth adenine of the tetraloop substrate remains similar to that of unbound stem loops.
RTA and SAP Exhibit Distinct Modes of Inhibitor Binding. RTA and SAP employ conserved structurally equivalent residues to recognize 9-DA and the third guanine (SAP) or first guanine (RTA) of cyclic G(9-DA)GA 2Ј-OMe. Despite similarities in the -stacked geometries of the RIP-inhibitor complexes, the RTA and SAP inhibitor-binding modes are reversed. The different 3Ј-to 5Ј-polymer alignment implies that these RIPs exhibit divergent binding specificities. Distinct conformations are observed for the phosphates of cyclic inhibitor bound to RTA and to SAP (Fig. 3C) . The cyclic inhibitor bound to RTA requires the first guanine to orient into a face-to-face contact with the RTAbound adenine to form the quadruple -stack. The orientation of this guanine is accompanied by separation of the sheared guanine-adenine base pair (between the first guanine and the fourth adenine), apparent in comparing the crystallographic and NMR structures for the sarcin-ricin loop GAGA tetraloop (34) (35) (36) (37) .
The molecular basis for the distinct binding mechanisms in RTA and SAP apparently arises from structural differences in the N-terminal region, which includes the fourth/fifth ␤-strands and a short ␣-helix (SAP 79-113 and RTA 86-113) (Fig. 2) . Asp-96 of RTA projects from a loop between this helix and the fifth ␤-strand, and hydrogen bonds to guanine from the side (Fig.  6A) . In contrast, SAP uses Glu-121 (a Gly in RTA), located on the loop between the N-terminal ␤-sheet and C-terminal ␣-helical cluster, to form hydrogen bonds to guanine (Fig. 6B) . In order for RTA to bind substrate in the mode observed for SAP-inhibitor complex, the -stacking interaction between the third guanine and fourth adenine of the GAGA tetraloop must be broken and the fourth adenine, which forms a sheared guanine-adenine base pair with the first guanine, requires reorientation to accommodate the N-terminal helix for hydrogen bonds between Asp-96 and Asp-100 to the third guanine (Fig. 4) .
Inhibitor Conformation in RTA. Crystals of the RTA-inhibitor complexes were also produced with the linear inhibitors G(9-DA)Gs3 2Ј-OMe and s3(9-DA)Gs3 2Ј-OMe (Fig. S1 ). Clear electron density was only observed for the 9-DA groups of these bound inhibitors. The disordered hydroxypyrrolidine and guanosine groups in these structures indicate stable interactions only to the scissile adenine analogue. Crystallization of RTA with cyclic G(9-DA)GA 2Ј-OMe caused the crystallographic C-axis to decrease by 5 Å and revealed the -stacked guanine moiety of the inhibitor. This guanine moiety participates in 6 hydrogen bonds with surrounding residues, 3 of which involve Asp-96 (Fig. 4A) . A previous report of RTA with bound ApG (PDB ID code: 1APG) lacked the guanine-to-Tyr-80 -interaction and the hydrogen-bonding interactions with Asp-96. The conformation difference at Asp-96 (the rsmd for the C␣ of Asp-96 is 1.73 Å, and the overall rmsd for the C␣ is 0.64 Å) establishes a rearrangement relative to bound ApG.
Alternative Substrate Binding Modes for RIPs. Inhibitors bound to SAP and RTA exhibit opposite phosphate diester polarity. The phosphodiester structures of unbound sarcin-ricin GAGA tetraloops differ from the geometry of inhibitor bound to RTA. RTA slowly depurinates the fourth adenine of the GAGA tetraloop substrate after the more specific second adenine has been hydrolyzed (17) . The phosphodiester geometry of inhibitor bound to RTA is similar to that of a GAGA tetraloop construct bound to the ribotoxin restrictocin (PDB ID code: 1JBT), although base recognition by this RIP does not use -stacking (38) . Restrictocin, a ribonuclease, binds to the third guanosine and fourth adenosine of the GAGA tetraloop and unfolds the loop and hydrolyzes the phosphodiester bond between the third guanosine and fourth adenosine (28) . The geometry of quadruple -stacked guanine and 9-deazaadenyl of RTA-bound inhibitor resembles that of the third and fourth bases of the restrictocin-bound GAGA tetraloop.
Oligonucleotide Base Hydrolases. Base hydrolytic reactions similar to the plant-depurinating RIPs are common in the DNA repair enzymes. DNA glycosylases initiate base excision repair by recognizing and cleaving mutagenic base lesions. Human uracil DNA glycosylase (UDG), human 3-methyladenine DNA glycosylase (AAG), human 8-oxoguanine glycosylase (OGG), and Methanobacterium thermoformicicum thymine DNA glycosylase (TDG) represent 4 major classes of DNA glycosylases that have been structurally characterized (39) (40) (41) (42) . Like RTA and SAP, human UDG and human AAG are single-domain proteins with a relatively small DNA-interaction surface. Human OGG and bacterial TDG contain multiple domains in which the active sites are located at domain junctions. Human UDG recognizes mismatched deoxyuridine by hydrogen bonding to every polar atom of uracil and by a favorable face-to-face -stacking interaction between uracil and Phe-158 (39) . Human AAG uses a confined pocket to fit the methyladenine base between Tyr-127 and His-136 and achieves the binding specificity by tight -electron donor-acceptor interactions between the aromatic side chains and the cationic alkyl base (40) . Human OGG specifically recognizes 8-oxo-guanine by hydrogen bonding to O6, N1, and protonated N7 of 8-oxo-guanine and sandwiching the base between Phe-319 and Cys-253 (41). Bacterial TDG from M. thermoformicicum tethers N2, N3, and O4 of thymine via hydrogen bonds without -stacking interactions, whereas the C5 methyl group fits into a hydrophobic cleft (42) . These DNA repair glycosylases interact only with the single base of the mismatched nucleotide, and none of them bind to oligonucleotides using the quadruple -stack interactions found in RTA and SAP.
Conclusions
RIPs RTA and SAP bind to oligonucleotide transition state mimics with 2 active site tyrosine residues and an arginine to form a polarized quadruple -stack with the adenine analogue (9-deazaadenyl) and its adjacent guanine of the cyclic inhibitor G(9-DA)GA 2Ј-OMe. The bound 9-deazaadenyl and guanine bases are tethered in a hydrogen-bonding network with the active site residues. Leaving group interactions from these RIPs are captured by the 9-deazaadenyl group. Distinct phosphodi- ester directional binding mechanisms observed in inhibitorbound RTA and SAP may reflect 2 distinct modes of GAGA tetraloop recognition in the RIPs.
SAP is distinguished from RTA by its ability to bind tightly to trinucleotide [G(9-DA)Gs3 2Ј-OMe] and dinucleotide [s3(9-DA)Gs3 2Ј-OMe] transition state analogue inhibitors. Their binding modes are the same as that for bound cyclic G(9-DA)GA 2Ј-OMe. RTA prefers a folded GAGA tetraloop for binding and catalysis, whereas SAP can efficiently bind and catalyze linear GAGA sequences. SAP is catalytically efficient with synthetic (and ribosomal) substrates at neutral pH, whereas RTA depurinates small stem loops only at acidic pH.
Potent inhibitors of RIP proteins may have application as immunotoxin rescue therapeutics by inhibiting unwanted RIP activity in the blood. Structure-based design of RIP inhibitors has focused on the adenine-binding pocket (43, 44) . Crystal structures of cyclic G(9-DA)GA 2Ј-OMe bound to RTA and SAP establish that the adjacent guanine base of the GAGA tetraloop (first for RTA or third for SAP) substantially contributes to these previously undescribed RIP-binding mechanisms. The transition state analogues described here capture this mechanism and establish an unprecedented polarized tetra--stack-binding mechanism at the catalytic sites of 2 representative RIPs.
Materials and Methods
Materials and methods are provided in SI Text and include (i) preparation of proteins, (ii) crystallization details, (iii) data collection, (iv) structure determination, and (v) model refinement summary in Table S1 . The structure factors and atomic coordinates of SAP Y73A, apo SAP, dinucleotide-bound SAP, trinucleotide-bound SAP, cyclic inhibitor-bound SAP, and cyclic inhibitorbound RTA have been deposited to the Protein Data Bank with the ID codes 3HIQ, 3HIS, 3HIT, 3HIV, 3HIW, and 3HIO, respectively.
